This study presents results of the comparison of structural and production characteristics of managed and virgin European beech forests in Serbia. Five managed and three virgin European beech stands were studied. The aim of this research was to determine the impact of the previous forest management on the structural diversity and production characteristics of managed European beech high forests in Serbia. The observed stands are located in the mountainous range of 400 to 1200 meters above sea level in the areas with the most productive beech forests in Serbia. Structural characteristics were compared using the following parameters: Height curves, Diameter distribution, Gini index, Coefficient of variation, Slenderness coefficient and maximum dimensions of standing living and dead trees. Stand density and productive characteristics were studied using the following forest estimation elements: number of trees, basal area, volume, biomass, carbon stock, stand quadratic mean diameter, Lorey's mean height and volume of dead wood. The greatest differences were found in the dimensions of the largest trees in managed and virgin beech forests (diameters at breast height and heights). Certain differences were found in the shape of Height curves and Diameter distribution and in the values of Slenderness coefficient. However, the Gini index and the Coefficient of variation show that these managed beech forests in Serbia substantially preserve the primeval structural diversity. The differences in the average value of most forest estimation elements of managed beech high forests in Serbia compared to virgin beech forests are statistically significant, which tells us that the previous management had a significant impact on the changes in the production characteristics of these forests in Serbia.
INTRODUCTION UVOD
In the last decades, the terms "close-to-nature forestry", "nature-based forestry", "near-natural forestry", "continuous cover forestry", "multi-aged forestry", "green-tree retention", "nature-oriented silviculture", "naturalistic silviculture" or "ecological silviculture" have been increasingly used in forest management (Schütz 1986 , Franklin 1989 , Benecke 1996 , Mlinšek 1996 , Yorke 1998 , von Gadow et al. 2002 , Pommerening & Murphy 2004 . Most of these terms refer to a forest management approach which generally includes management of "continuous forests" with management systems that don't require radical silvicultural measures but silvicultural measures which "imitate nature and improve its performance" (Schütz 1986 ). Close-to-nature forestry is characterized by some fundamental features such as natural regeneration, single-tree felling, indigenous tree species, etc. One of the systems that can be attributed to close-tonature forestry and which is applied in Europe is selection system. The concept of close-to-nature forestry is relatively old and could be traced back to the works of Gayer (1886) and Möller (1922) .
Furthermore, close-to-nature forestry has recently become one of the most important ways of ensuring sustainable management of European forests (Bradshaw et al. 1994 , Meyer 2005 . According to Schnitzler & Borlea (1998) , sustainable management of natural forests depends on two complementary parts: a) protection of the remaining forests with a high degree of naturalness and b) establishment of the management criteria which take into account the natural dynamics of the forests. "Continuous forest" together with an increase in the stand mixture is becoming one of the primary approaches to the present and future forest management in Europe.
Most Balkan countries (Slovenia, Bosnia and Herzegovina, Serbia, Montenegro, Macedonia, Albania and partially Croatia) have been applying group selection and selection systems in the management of beech forests. Furthermore, most managed European beech forests in the Balkans have been applying "continuous forest" principle which has preserved their naturalness to a large extent.
Reliable knowledge of natural forest structure and dynamics is required if we want to implement close-to-nature forestry (Leibundgut 1959 , Korpel 1995 . Therefore, research of virgin forests (old-growth forests, primary forests, primeval forests, etc.) has recently received great importance (Diaci et al. 1999 , Drössler & Lüpke 2007 . Since all Balkan countries have a much higher percentage of virgin forest stands than other European countries, they make an important area of future research. Some of these stands are protected by different protection regimes. However, significant areas of virgin forest stands can be found in rugged mountainous terrains in the regions with no formal protection.
Beech is the most abundant tree species in Serbia. It occurs in several forest monodominant or polydominant communities. According to Koprivica et al. (2013а) at the beginning of the twentieth century, beech forests in Serbia were predominantly virgin forests. From the beginning of the twentieth century until the 1960s, the main form of management was selection system. Afterwards, the group selection system was prescribed until the 1990s. In the last twenty years shelter-wood system is declaratively prescribed but rarely implemented in practice. Generally, there are apparent discrepancies between forest management plans and their implementation. Selection and group selection systems which often favour felling of higher-quality trees have been the most commonly applied systems in the forestry practice of beech forests in Serbia in the last 70 years. The application of different management systems has caused heterogenic structure of beech high forests in Serbia. Today, these forests are characterized by unfavorable qualitative and assortment structure, although they have relatively high production potential, structural diversity and degree of naturalness. By using different indices, Matović (2012) concludes that these forests have very pronounced alpha ecosystem diversity which is caused by the differentiation in the size and age of trees and by their spatial distribution.
For future management of beech high forests in Serbia, it is important to conduct a thorough examination of their managed and virgin stands and make a comparison of their structural and production characteristics. Research of beech virgin forest is important in the European context because of their rare frequency. Meyer (2005) notes that it is important for the Central European forestry to thoroughly explore virgin forest stands because larger areas of these stands can only be found in the mountains of eastern and southern Europe.
So far structural and production characteristics of beech virgin forest have been studied in eastern and central Europe (Mayer & Reimoser 1978 , Leibundgut 1993 , Korpel 1995 , Commarmot et al. 2005 , Turcu & Stetca, 2006 , Drössler & Lüpke, 2007 , Bilek et al. 2011 , Kucbel et al. 2012 , Petritan et al. 2012 , but not in the Balkans. In the Balkans, beech virgin forests were studied in the period from the thirties to the seventies of the twentieth century (Miletić 1930 , Milin 1954 , Drinić 1957 . Recent studies are rare (Leibundgut 1993 , Meyer 2003 .
The aims of this research were to compare structural and production characteristics of managed and virgin beech forests in Serbia in order to determine:
1) The impact of the previous forest management on the structural diversity of beech high forests in Serbia which represents an important segment of the overall diversity of these forests;
2) The impact of previous forest management on the changes in the production characteristics of managed beech high forests in Serbia.
Also, in order to enhance the understanding of the similarities and differences in structural and production characteristics of virgin forests in a wider context, we have made a comparative analysis of the results published for these forests in Central, Eastern and Southern Europe.
MATERIAL AND METHODS

MATERIJAL I METODE
Study area -Područje istraživanja
The research was conducted in managed and virgin beech forests with similar production potential. The study area included five managed stands (33a -Homoljske planine, 122a -Istočna Boranja, 27a -Zapadna Boranja, 31a -Če-mernik-Ostrozub and 44a -Željin) and three virgin forest stands (Danilova kosa, Vinatovača and Kukavica) on the most productive sites in Serbia (Fig. 1 ).
General characteristics of the studied European beech stands are presented in Table 1 .
The observed stands have similar production potential (classes I to II, Mirković 1969) but they differ in stand characteristics. They are located in the mountainous range of 400 to 1200 meters above sea level which is the zone where monodominant beech forests in Serbia are widespread. The share of other tree species in the volume was about 0 to 1%. According to historical management plans, in studied managed stands applied were selection and group selection systems in last 40-50 years. All three virgin forests have been declared strict nature reserves by Serbian Government (Danilova kosa in 1950; Vinatovača in 1957 and Kukavica in 1980) . However, even before the protection of these stands was declared, there had been no intensive management treatments.
Data collection -Prikupljanje podataka
Systematic sampling was used for the purpose of data gathering and processing in the managed stands. Circular sample plots of 0.05 ha in size, at a distance of 100 x 100 m (one plot represents one hectare) were set. Diameter at breast height (dbh) and tree heights (h) were measured in all test areas. Two cross diameters were taken. The height of trees was measured using Vertex 3 clinometer. In two virgin forests stands (Danilova kosa and Vinatovača) all trees had their diameters and heights (total survey) measured, while a set of seven square and rectangular experimental fields of , T July -mean temperature of the hottest month, P Year -sum of precipitation. Ellenberg (1985) stated that EQ<30
is the beech distribution limit in Central Europe. Stojanović et al. (2013) confirmed that these values are relevant for the region of Serbia.
*** Site classes are defined according to dominant height and comparison with sets of standard height curves Mirković (1969) . Sets has 9 site classes and inter-classes (I -the best; V -the worst).
different size were established in Kukavica virgin forest for the purpose of these measurements. Trees with dbh>10cm were measured in all stands. In the beech virgin forests within the same area, the volume of lying and standing dead wood was estimated and compared with the results on managed forests obtained and published by Koprivica et al. (2013a) . We measured standing dead wood with dbh above 10 cm and all parts of lying dead wood thicker than 3 cm at the thinner end and longer than 0.3 m. Field measurements were carried out in the period from 2004 to 2011.
Data analysis -Analiza podataka
Height curves for all studied stands were obtained by Prodan's function:
where h is the height and d diameter at breast height.
Diameter diversity was calculated using the Gini index and the Coefficient of variation, while the height diversity was calculated using the Coefficient of variation.
The Gini coefficient Gdbh is defined as the area between the line of perfect equality (the diagonal) and the Lorenz curve, expressed as the proportion of the area under the diagonal (Weiner & Solbrig, 1984) . When measuring tree size diversity, the Gini coefficient requires trees to be ranked by size and it quantifies the deviation from perfect equality when all trees are of equal size. Diameter diversity is measured on a scale from 0 to 1, where the Gdbh would be 0 if all trees in a stand were of equal diameter at breast height, while it would equal 1 if all trees but one had a value of 0 (O'Hara et al. 2007 ). Solomon & Gove (1999) stated that the use of basal area or volume may provide a more accurate estimation of structural diversity than the use of the number of trees. In our research, the Gdbh was calculated using the data on the number of trees and their basal area per class of breast height diameter (O'Hara et al. 2007 ).
The Gini coefficient of sample plot structure is calculated using equation (2). ); j -represents the rank of a tree in an ascending order from 1, . . ., n; n -represents the total number of trees;
The Gini coefficient of stand structure is calculated as an arithmetical mean of sample plot coefficients.
The Coefficient of variation of tree diameters (CVdbh %) and heights (CVh %) was calculated according to Sokal & Rohlf (1981) :
where s.d. is the standard deviation, and , Xdbh h arithmetical mean of dbh and height.
Tree volume (volume of taper and branches over 3cm in diameter) was determined using a regression equation (4) which was obtained from the analytical equalization of volume tables of beech trees in Serbia (Mirković 1969 ).
2.0415244 1.1123098
Above-ground tree biomass (B) was determined by the general regression equation (5) designed for the estimation of the total biomass of European beech trees (Wutzler et al. 2008 ).
2.12 0.655
where:
m -represents total above-ground tree biomass (without leaves) in kg, d -represents tree diameter at breast height in cm, h -represents tree height in m Root biomass was obtained by the regression equation (6) for beech forests in Serbia (Koprivica et al. 2012) . The total biomass (Bt) was obtained as the sum of the biomass above and below the ground.
Above-ground carbon stock (C) was determined using the general regression equation (7) intended for the assessment of carbon stock in European beech (Joosten et al. 2004 ).
2.1569 0.66338
The carbon stored in roots was determined by multiplying its biomass by a factor of 0.5 (IPCC, 2003) .
The average volume, biomass and carbon stock per ha of the managed beech stands were obtained from the data collected on the sample plots. In the virgin beech stands of Danilova kosa and Vinatovača, a complete inventory was performed and the total volume, biomass and carbon stock were calculated.
In Kukavica virgin forest, seven sample plots were established. Therefore, when calculating the mean and standard deviation of the observed characteristics (volume, biomass, carbon) in a sample of all sample plots (n = 7, x i -size of the observed characteristics per hectare) weights were used. Weights are surface plots (pi). The arithmetic mean was obtained by formula (8), and the variance by formula (9).
To test the statistical significance of the differences in the proportions, arithmetic means and the variance of the observed characteristics of the managed and virgin beech forests Z and F test were used. Z test was used to test the null hypothesis about the equality of proportions and arithmetic means, while F test was used to determine the differences between the variances. Two large and independent samples were used for the testing. From the statistical point of view, the problem was that the study sample plots were not always of the same size. The managed beech forest plots were 0.05 ha in size and there was a total of n 1 = 127. Kukavica virgin forest had sample plots of 0.15 ha to 0.79 ha in size and there were seven of them. In Danilova kosa and Vinatovača virgin forests, a total survey was conducted, so it was assumed that each ha was a plot (totally 35 ha). Thus, the size of the second sample was n 2 = 42.
In order to facilitate statistical analysis, the data from all sample plots established in the managed forest and in Kukavica virgin forest were converted into hectares. So this conditional hectare was equated with an actual hectare in the virgin forests of Danilova kosa and Vinatovača. Thus, hectare was used as the basic unit of observation in both samples. The number of ha in the stand was used as the weight (frequency).
Stand quadratic mean diameter (Dg) and Lorey's mean height (HL) were calculated for all stands.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Height curves -Visinske krivulje
Height curves show certain differences in the shape of curves and in the heights of thin trees (diameter of 10 to 30 cm) in the managed (Fig. 2 ) and virgin forest stands (Fig.  3) in Serbia.
The shape of height curves is different in the diameter of 30 cm because the slope of the curve is higher in the virgin forest stands than in the managed stands. The height of medium-thick and thick trees is nearly uniform. Comparing height curves in Uholka virgin forest in Ukraine and managed uneven-aged beech forest Sihlwald in Switzerland, Commarmot et al. (2005) found no significant differences in the relation of height to diameter at breast height in diameters from 8 to 86 cm (maximum diameter of beech in Sihlwald). They also observed that height curves had a similar shape.
Comparing Figures 2 and 3 we can conclude that thinner trees in the virgin stands attain 3.4 m (diameter 15 cm) and 1.8 m (diameter 25 cm) lower heights, while the average difference in the height of medium-thick and thick trees (diameter from 30 to 100 cm) is + / -0.5 m.
Structural diversity -Strukturna raznolikost
The diameter distribution of the managed stands (Fig. 4) can roughly be identified as the distribution characteristic for selective managed stands. Diameter distribution of the virgin stands Danilova kosa and Vinatovača can be roughly described as the virgin forest stand structure (Fig. 5) . The largest number of trees are in the diameter classes of 10 to 25 cm and 50 to 80 cm. Similar results in the study of diameter distribution of virgin forest stands in Eastern, Central and Southern Europe were obtained by other authors (Meyer et al. 2003 , Commarmot et al. 2005 , Drössler & Lüpke 2007 , Bilek et al. 2011 , Kucbel et al. 2012 ). Partially different shape of Diame- ter distribution of Kukavica virgin forest compared to other two beech virgin forests is due to the fact that Kukavica is the youngest forest reserve and the time that has passed since it was declared a reserve was not long enough to develop all structural features of a virgin forest (Fig. 5 ).
The differences in the values of the Gini coefficient are random with a probability of 82% and there is also a small difference in the Coefficients of variation of tree diameters and heights (Tab. 2). The Gini coefficient Gdbh was in the range from 0.49 to 0.57 in the managed stands and from 0.45 to 0.52 in the virgin stands. Bilek et al. (2011) found an average Gdbh of 0.22 in five managed stands (even-aged structure) in Central Bohemia, while two virgin stands had the coefficient between 0.67 and 0.75. Significant differences in Gdbh between the virgin stands of Central Bohemia and Serbia can be affected by the difference in the lower limit of diameter at breast height which was 7 cm in Central Bohemia and 10 cm in Serbia.
Coefficient of variation of tree diameters (CVdbh%) is in the range from 50.8 to 59.5% in the managed stands, while it ranges from 47.1 to 57.5% in virgin stands. Bilek et al. (2011) found an average CVdbh% of 21.0% in the managed stands, and between 80.3 and 109.6% in two virgin stands. Coefficient of variation of tree heights (CVh%) is in the range from 21.7 to 41.1% in the managed stands and from 27.4 to 30.8% in virgin stands.
The Gini Coefficient Gdbh and the Coefficient of variation of tree diameters (CVdbh%) show high diameter diversity in all studied stands. Diameter diversity is slightly larger in the managed stands than in the virgin stands. This rule also applies to height diversity. As expected, diameter diversity is much more pronounced than height diversity in all studied stands.
The relative ratio of the coefficient of variation of tree diameters (CVdbh%) and the coefficient of variation of tree heights (CVh%) shows a significant deviation in the managed type of stands -from 1.23 to 2.42, while it is more uniform in the virgin type of stands and ranges from 1.53 to 1.87. This relationship shows that diameter and height diversities in beech forests in Serbia aren`t strongly correlated and the knowledge of one of them doesn`t enable estimation of the other one (Fig. 6 ). This statement is confirmed by correlation analysis which provided a low correlation coefficient of 0.12.
Slenderness coefficient -Koeficijent vitkosti
The ratio of height to diameter at breast height h / d bh (Slenderness coefficient) have on average higher values in the managed stands than in the virgin stands (Tab. 3). We Korpel et al. (1991) gave the critical value of h/d bh ratio for beech in the range from 1.8 to 2.2 in the context of the stability of trees. In all studied stands this ratio was on average significantly lower than the critical values. Only two managed stands had this ratio in the suggested critical value range. In the beech stands of virgin type in Central Bohemia similar results were obtained -from 0.28 to 1.89 (Bilek et al. 2011) . Drössler & Lüpke (2007) noticed that the trees of the lower and middle storey in beech virgin forest Havešova in Slovakia had an average of 1.39 and the trees of the upper storeys an average of 0.67.
Maximum dimensions of trees -Maksimalne dimenzije stabala
The maximum tree diameters at breast height are from 72 to 92 cm (80 cm Stand density and productivity -Sastojinska gustoća i produktivnost Table 5 shows the data on the most important forest estimation elements of the studied beech stands, and average values and variability of these elements in the managed and virgin stands.
Using the F test the differences were determined in the variability of the average number of trees (N), basal area (G), volume (V), total biomass (Bt) and total carbon stock (Ct), stand quadratic mean diameter (Dg), standing dead wood volume (Vs), lying dead wood volume (Vl) and total dead wood volume (Vt) per ha for two types of stands statistically significant at 2 % risk level. However, the difference in the variability Lorey's mean height (HL) is statistically random. Using the Z test the difference between the average values of the most of studied estimation elements were shown as statistically significant or it is near the threshold of statistical significance. Exception is again Lorey's mean height (HL) (Tab. 5).
The comparison of stand estimation elements of the virgin forests in Serbia (Tab. 5) with the studied virgin forests in Central, Eastern and Southern Europe on the most productive sites (Tab. 6) showed that the biggest differences were in the number of trees per hectare and the stand quadratic mean diameter. The number of trees in the stands in Serbia ranged from 123 to 201, while in the stands in Central, Eastern and Southern Europe it ranged between 203 and 390. This analysis should take into account that the lower limit of diameter at breast height was not the same in all studies, which affected the total number of trees (in our study 10 cm аnd in majority of other studies 5 or 7 cm). ha-1 and it varied from almost zero to 550 m 3 ha-1 (Christensen et al. 2005) . In our research, we found that in Danilova kosa, Vinatovača and Kukavica the volume of dead wood was about 115 m 3 ha-1 (Tab. 5). In our opinion, small volumes of dead wood in Kukavica virgin forest is due to its relatively short history under state protection (thirty years). The managed forest deadwood volume was 10-20 times smaller than in the virgin forests. The research in Finland, Sweden, Germany, France, Belgium and Switzerland showed that the average volume of dead wood was less than 10 m 3 ha-1 (Christensen et al. 2005) . Compared to this result, the determined average volume of dead wood per hectare in specific managed beech forests in Serbia (Koprivica et al. 2013a ) was almost twice as high, which can be assessed as important for the conservation of the general biological diversity.
In specific managed beech forests in Serbia other important research studies were conducted. Matović (2012) found that, in addition to significant dimensional diversity, these forests were characterized by heterogeneous spatial and age structure. Trees were usually randomly distributed in space, although they were often grouped in clumps and in a regular pattern. The age structure of these forests was strongly pronounced and represented by trees aged from one year to over 400 years in some stands. Koprivica et al. (2012 Koprivica et al. ( , 2013b found that the average values of basal area, volume, volume increment, biomass and carbon in these forests were relatively high and that these forests preserved their production potential.
The research conducted within this study and previous studies of the same authors suggest that although these forests have often been under inadequate and inconsistent forest management, they have preserved their production potential, structural diversity and naturalness. Moreover, in the context of the proclaimed approach to forest management in the future in Europe, these forests can be considered much closer to the original natural forests by many criteria. In comparison to other beech forests in Europe that are predominantly even-aged and more homogeneous in structure, managed forests in Serbia are uneven-aged and spatially heterogeneous.
It is important to emphasize that major natural disturbances such as wind or ice forest storms haven`t made any greater damage in managed beech forest in Serbia so far. Hanewinkel et al. (2014) found that uneven-aged forests had significantly higher resistance to heavy storms than evenaged forests. Furthermore, no significant insect calamities, epiphytotic attacks, fires and visible negative impact of longterm drought have been observed in beech forests in Serbia, which is due to their marked uneven-aged structure. We should bear in mind that Serbia is relatively close to the European Mediterranean Basin, one of the world's climate change hotspots (Luterbacher et al. 2012 ). In the neighboring Hungary, Lakatos and Molnar (2009) found a mass dieback of beech forests in even-aged beech forests in the period of drought (2000) (2001) (2002) (2003) (2004) . Using the regional climate model and the biometeorological index, Stojanović et al. (2013) found out that by the end of the twenty-first century the majority of existing beech forest in Serbia may be beyond their 20 th century ecological niches. In this context, it is of critical importance to implement adequate management measures to conserve the pronounced structure, uneven-age character and naturalness of beech forests in order to create better conditions for natural adaptation of these forests to the anticipated climate change in the future. defined six adaptation principles to climate change ("increase tree species richness, increase structural diversity, maintain and increase genetic variation within tree species, increase resistance of individual trees to biotic and abiotic stress, replace high-risk stands and keep average growing stocks low") and concluded that they are already largely contained in close-to-nature forestry.
CONCLUSIONS ZAKLJUČCI
Having compared the stand structure of managed and virgin stands on the best beech sites in Serbia, as well as their stand structure with the beech virgin forests in Central, Eastern and Southern Europe in accordance with the aims of this research, the fol lowing conclusions can be drawn:
1. The impact of previous forest management in beech high forests in Serbia on Structural diversity of trees is twofold. The greatest differences were found in the dimensions of the largest trees in the managed forests and in the stands of virgin character (dbh and heights). Certain differences were found in the shape of Height curves and Diameter distribution and the values of Slenderness coefficient. However, the Gini index and the Coefficient of variation show that the managed beech forests in Serbia substantially preserve Structural diversity, which is very important for these forests from the aspect of low tree species diversity and maintenance of the overall biodiversity.
2. The impact of previous management on the change in the average value of the forest estimation elements of managed beech high forests in Serbia in comparison to the virgin forests is clearly pronounced and statistically significant regarding production characteristics.
3. Comparison of forest estimation elements of stands of the virgin forest type in Serbia on the most productive sites with the equivalent forest stands in Central, Eastern and Southern Europe showed that the biggest differences were in the number of trees per hectare and the stand quadratic mean diameter. Basal area and volume and the volume of dead wood per hectare were quite similar.
4. The existing environmental stability of the managed beech forests in Serbia in the near past and present (after severe droughts) leads to the general conclusion that closeto-nature forestry may provide long-term conservation of these forests in the future within the limits of their current range in European terms.
